retinal ECs. Furthermore, attenuation of CYP1B1 expression with small interfering RNA proportionally lowered eNOS expression and NO levels in wild-type cells. Together, our results link CYP1B1 metabolism in retinal ECs with sustained eNOS activity and NO synthesis and/or bioavailability and low oxidative stress and thrombospondin-2 expression. Thus CYP1B1 and eNOS cooperate in different ways to lower oxidative stress and thereby to promote CM in vitro and angiogenesis in vivo.
Here, we demonstrate that endothelium nitric oxide synthase (eNOS) expression is dramatically decreased in the ECs prepared from retina, lung, heart, and aorta of CYP1B1-deficient (CYP1B1 Ϫ/Ϫ retinal ECs or their incubation with a nitric oxide (NO) donor enhanced NO levels, lowered oxidative stress, and improved cell migration and CM. Inhibition of CYP1B1 activity in the CYP1B1 ϩ/ϩ retinal ECs resulted in reduced NO levels and attenuation of CM. In contrast, expression of CYP1B1 increased NO levels and enhanced CM of CYP1B1 Ϫ/Ϫ retinal ECs. Furthermore, attenuation of CYP1B1 expression with small interfering RNA proportionally lowered eNOS expression and NO levels in wild-type cells. Together, our results link CYP1B1 metabolism in retinal ECs with sustained eNOS activity and NO synthesis and/or bioavailability and low oxidative stress and thrombospondin-2 expression. Thus CYP1B1 and eNOS cooperate in different ways to lower oxidative stress and thereby to promote CM in vitro and angiogenesis in vivo.
angiogenesis; retinal endothelial cells; oxidative stress; reactive oxygen species; thrombospondin-2 CYTOCHROME P-450 (CYP) enzymes are expressed in vascular smooth muscle cells and endothelial cells (ECs) of various vascular beds. These enzymes utilize endogenous substrates, such as arachidonic acid, to generate intracellular second messengers with important roles in vascular function. Most studied CYPs with vascular function belong to the CYP4A, 2C, and 2J families (18) . CYP4A enzymes generate 20-hydroxyeicosatetraenoic acid, a vasoconstrictor important in control of myogenic tone. In contrast, 2C and 2J epoxygenases generate epoxyeicosatrienoic acids (EETs) with vasodilatory, anti-inflammatory, and proangiogenic activities (18) . 20-Hydroxyeicosatetraenoic acid protects pulmonary artery smooth muscle cells from proapoptotic stimulus and exhibits proangiogenic activity (59) . An important role for CYP2C-derived EETs in angiogenesis of retinal ECs has been recently demonstrated (36) . Bovine retinal ECs express CYP2C protein in culture and generate EETs. However, exposure to hypoxia resulted in enhanced CYP2C expression, EET production, and enhanced migration and capillary morphogenesis (CM) of retinal ECs. Thus hypoxia-mediated retinal angiogenesis may be dependent on CYP2C expression and production of EETs.
Recent studies conducted in our laboratory indicate that CYP1B1 is expressed in retinal ECs and plays a key role in regulating EC adhesion and migration in vitro and angiogenesis in vivo (54) . CYP1B1 deficiency in mice resulted in attenuation of retinal vascular development and neovascularization during oxygen-induced ischemic retinopathy (OIR). In addition, retinal ECs prepared from CYP1B1 Ϫ/Ϫ mice were less migratory, less adhesive to matrix proteins, and failed to undergo CM compared with CYP1B1 ϩ/ϩ retinal ECs. These defects were mainly attributed to the increased intracellular oxidative stress in the absence of CYP1B1. Attenuation of this oxidative stress by lowering oxygen levels (2%) or addition of N-acetylcysteine (NAC) reversed the effects of CYP1B1 deletion on EC function. Our data indicated that increased production of thrombospondin-2 (TSP2) under oxidative stress, at least in part, mediates these changes in EC adhesion and migration.
CYP1B1 is an unusual member of the CYP family as evidenced by the simple 2 intron gene structure, the highly extended 3.5-kbp 3=-UTR, and a promoter that is rich in GC islands (47, 52, 65) . CYP1B1 is constitutively expressed in many hormonal responsive epithelia and in stromal cells, including fibroblasts (48) and vascular cells (15) . CYP1B1 exhibits both hormonal regulation by cAMP (66) and induction through the aryl hydrocarbon receptor (48, 65) . CYP1B1 ocular expression has also been implicated in the development of the trabecular meshwork, which determines flow of aqueous humor through the anterior chamber (7, 33) . Most humans that are deficient in CYP1B1 develop early-onset glaucoma through aberrant development of the trabecular meshwork (3, 51) . Similar defects have been shown in the eyes of CYP1B1 Ϫ/Ϫ mouse, particularly when enhanced by tyrosinase deficiency (33) .
These functions of CYPs overlap with regulation provided by endothelial nitric oxide synthase (eNOS), the predominant NOS expressed in EC (50) . The formation of nitric oxide (NO) from L-arginine activates soluble guanylyl cyclase and initiates various signaling cascades, including the activation of mitogen-activated protein kinases (44) . These roles of NO, along with its classical function as an inducer of vasodilatation, are thought to contribute to the migration and growth of ECs necessary for initiation of angiogenesis in vivo (21, 39, 41, 64) .
NO also is an effective anti-oxidant through the reaction with superoxide to form peroxynitrite (23) , but this product has distinct activities (20) . NO also inhibits CYP reactions through complex formation with the heme group (24, 37) . In addition, inactivation of eNOS under oxidative stress conditions results in decreased NO bioavailability and increased levels of superoxide anions, resulting in EC dysfunction (60) . Adenoviral infection of rats with CYP4A2 increases 20-hydroxyarachidonic acid production, which leads to decreased NO production and/or bioavailability and increased blood pressure (58) . This cross talk between NO formed from eNOS and CYP metabolites, particularly those formed from arachidonic acid, affects angiogenesis in vivo and EC adhesion and migration in vitro through mechanisms that require further delineation.
Here, we demonstrate that CYP1B1 deficiency leads to a significant decrease in eNOS expression in cultured ECs from several tissues and in the retinal vasculature in vivo. We showed that inhibition of eNOS activity in CYP1B1 ϩ/ϩ retinal ECs resulted in increased oxidative stress and attenuation of CM. We hypothesized that reduced levels of eNOS in CYP1B1 Ϫ/Ϫ retinal EC impacts their ability to undergo CM. In support of our hypothesis, we demonstrated that elevation of NO levels, using a NO donor or expression of eNOS, reduced oxidative stress and improved CM of CYP1B1 Ϫ/Ϫ retinal ECs. Although the change in eNOS expression was not reproduced by acute expression of CYP1B1 in null cells or inhibition of CYP1B1 activity in wild-type cells, we observed a significant effect on NO levels. The stimulation of TSP2 expression in CYP1B1 ϩ/ϩ ECs was also unaffected by acute inhibition of CYP1B1 but, unlike eNOS, was partially reversed by restoration of CYP1B1 in null cells. These experiments, therefore, provide evidence that multiple changes occur during chronic downregulation of CYP1B1 that selectively affect NO synthesis and/or bioavailability and is associated with decreased expression of eNOS and increased production of TSP2. This notion was supported by recapitulation of null phenotype in CYP1B1 ϩ/ϩ cells, which stably expressed CYP1B1-specific small interfering RNAs (siRNAs). Together, our data describe overlapping CYP1B1 and eNOS effects on CM that are linked, in part, through their ability to enhance NO production and/or bioavailability and relieve oxidative stress. Thus coordinated expression of CYP1B1 and eNOS plays an important role in modulation of EC oxidative state and functions in vitro and angiogenesis in vivo.
MATERIALS AND METHODS
Cell lines. Retinal, heart, lung, and aortic ECs were isolated from immorto-CYP1B1 ϩ/ϩ and -CYP1B1 Ϫ/Ϫ mice as previously described (53) and cultured in DMEM containing 10% fetal bovine serum, 2 mM L-glutamine, 2 mM sodium pyrovate, 20 mM HEPES, 1% nonessential amino acids, 100 g/ml streptomycin, 100 U/ml penicillin (Invitrogen, Carlsbad, CA), freshly added heparin at 55 U/ml, endothelial growth supplement at 100 g/ml (Sigma, St. Louis, MO), and murine recombinant interferon-␥ (R&D, Minneapolis, MN) at 44 U/ml. For all experiments, cells were maintained at 33°C unless stated otherwise, with 5% CO 2, propagated on 1% gelatin-coated 60-mm dishes, and used between passages 8 and 24 with minimal effect on experimental results.
Western blot analysis. For cell lysates, cells were rinsed with PBS (Sigma) once and lysed with lysis buffer (10 mM Tris · HCl, pH 7.6, 1 mM EDTA, 1% Triton X-100, 1% Nonidet P-40, 0.1% SDS). For retina lysates, retinas were dissected out and placed in the lysis buffer (50 l/retina). Protein concentrations were determined using the bicinchoninic acid protein assay (Pierce, Rockford, IL). Samples (20 g) were mixed with appropriate volumes of 6ϫ SDS buffer and analyzed by 4 -20% SDS-PAGE (Invitrogen). Proteins were transferred to nitrocellulose membrane and blocked in 20 mM Tri · HCl, pH 7.6, and 150 mM NaCl with 0.1% Tween 20 (TBST) containing 3% BSA and 3% nondairy creamer for 1 h at room temperature. After the blocking procedure was completed, blots were incubated with appropriate dilutions of primary antibodies prepared in TBST, washed with TBST, incubated with appropriate secondary antibody prepared in TBST, washed with TBST, and developed using enhanced chemiluminescence (Amersham, Piscataway, NJ). For reprobing, blots were washed once with TBST and stripped by two washes with 25 ml of prewarmed stripping solution (62.5 mM Tris · HCl, pH 6.8; 2% SDS; 100 mM ␤-mercaptoethanol) at 65°C. Blots were then washed twice with TBST (5 min each) at room temperature before proceeding with blotting as described above. The antibody to CYP1B1, developed in rabbits, reacts specifically with mouse CYP1B1. Western blot quantification was performed by calculating intensity of each band relative to control using Image J software (National Institutes of Health, Bethesda, MD).
Capillary morphogenesis. Matrigel (10 mg/ml; BD Biosciences) was applied at 0.5 ml/35-mm tissue culture dish and incubated at 37°C for at least 30 min to allow hardening. Cells were removed from tissue culture dishes by trypsin-EDTA, washed once with growth medium, and resuspended at 1.5 ϫ 10 5 cells per ml in growth medium. Cells (2 ml) were gently added to the Matrigel-coated plates, incubated at 37°C in a tissue culture incubator, monitored for 6 -24 h, and photographed with a Nikon microscope in digital format. For quantitative assessment of the data, the mean number of branches, at points of intercepts per five representative high-power fields (ϫ100) was determined.
Cell migration assays. For scratch wound assays, cells (2 ϫ 10 5 ) were plated on 60-mm tissue culture dishes and allowed to reach confluence (2-3 days). After we aspirated the medium, cell layers were wounded using a 1-ml micropipette tip. Plates were then rinsed with PBS, fed with growth medium containing 150 ng/ml of 5-fluorouracil to inhibit cell proliferation. This eliminates the potential contribution of differences in the rate of proliferation. We monitored wound closure with still photography in a digital format at 0, 24, 48, and 72 h after wounding. For quantitative assessment of the data, the percentage of wound closure, relative to time 0, was determined with Axio vision software (Zeiss).
Adenovirus infection of retinal EC. Adenoviruses encoding a form of eNOS bearing a mutation of a key phosphorylation site serine 1179 to an aspartate residue (Ad-eNOS S1179D) were provided by Dr. William C. Sessa (Yale University, New Haven, CT). The phosphorylation of serine 1179 normally increases the basal synthesis of NO. The substitution of aspartate for serine mimics the negative charge imparted by the phosphate and renders eNOS constitutively active through increased rate of electron flux through the protein and increases basal NO production by severalfold (64) . Adenoviruses expressing mouse CYP1B1 were prepared as previously described (53) . Viruses were amplified in HEK 293 cells, tittered using a cytopathic effect assay (13) , and stored in PBS containing 10% glycerol, 0.5 mM MgCl2, and 0.5 mM CaCl2. Retinal ECs were plated in 60-mm dishes and were 80 -90% confluent by the next day. Cells were incubated with either recombinant adenovirus (10 -30 pfu/cell) expressing the constitutively active eNOS (Ad-eNOS S1179D), CYP1B1 (Ad-CYP1B1), or vector control (Ad-GFP) in 1.5 ml of Opti-MEM (Invitrogen) with 10 l of Lipofectin (Invitrogen) for 5 h in a tissue culture incubator. After incubation, cells were fed with EC growth medium and incubated for 2 days. The eNOS and CYP1B1 levels were determined by Western blot analysis of the cell lysates as described above.
CYP1B1 siRNA infection of retinal EC. CYP1B1-specific siRNAs were prepared as previously described (54) ( Table 1) . Briefly, the mouse specific cDNA sequences were scanned for CYP1B1 for putative target sequences for siRNA using the siDESIGN center (www.dharmacon.com). The identified sequences were blasted against the mouse genome database to exclude sequences that match nonspecific mRNA. An oligonucleotide containing the 19-base specific sequence (Table 1) , its reverse complementary sequence, a 9-base spacer sequence, and terminal sequences for ligation to the BglII and HindIII restriction sites were synthesized and cloned into pSUPER-retro vector digested with same enzymes (Invitrogen). The retroviral packaging cell line Phi-NX (Nolan Lab, Stanford, CA) was transfected with 5 g of pSUPER-retro control siRNA vector or vector containing CYP1B1-specific siRNA inserts using Lipofectin (Invitrogen). The cell medium, which contained retroviral particles, was harvested and filtered through a 0.45-m filter 48 h after transfection. Filtered virus-containing medium (1 ml) was added to retinal ECs (1 ϫ 10 6 cells per 60-mm dish) in the presence of polybrene (4 g/ml). The next day, cells were fed with fresh medium containing puromycin (2 g/ml) and expanded. Stable cell populations expressing a specific siRNA or control vector were then evaluated for their ability to undergo CM or expression of eNOS and TSP2 as outlined above. In some experiments, retinal ECs were incubated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; an inducer of CYP1B1 at 10
Ϫ7
M for 24 h) to enhance the levels of CYP1B1 expression for the evaluation of siRNA impact on CYP1B1 and eNOS expression.
Indirect immunofluorescence analysis. Cells (2 ϫ 10 4 ) were plated on glass coverslips and allowed to reach confluence. Cells were washed in PBS and then fixed with 4% paraformaldehyde containing 0.1% Triton X-100 for 15 min. Once fixed, cells were washed with PBS and incubated with antibody to eNOS (1:500 Santa Cruz) prepared in TBS with 1% ovalbumin at 37°C for 30 min. After they were washed with TBS, the coverslip was incubated with a 1:500 dilution of fluorescein isothiocyanate-conjugated appropriate secondary antibody (Pierce) in TBS with 1% ovalbumin at 37°C for 30 min. Cells were viewed on a Zeiss Axiophot fluorescence microscope and photographed in a digital format (Carl Zeiss, Chester, VA).
Immunohistochemical staining of eye frozen sections. The immunostaining of eye frozen section was performed as previously describes (62) . Rabbit anti-eNOS (Santa Cruz) and rat anti-endoglin (BD Biosciences) were used at 1:500 dilution prepared in blocking solution. Retina sections were viewed by fluorescence microscopy, and images were captured in digital format with a Zeiss microscope (Carl Zeiss).
Determination of reactive oxygen species in EC. The level of cellular reactive oxygen species (ROS) was assessed using dihydroethidium (Molecular Probes, Eugene, OR) as previously described (54) . Briefly, cells were plated on gelatin-coated coverslips at 1 ϫ 10 5 cells/ml. After attachment, cells, with or without preincubation with nitro-L-arginine methyl ester (L-NAME) or nitro-D-arginine methyl ester (D-NAME) (3 mM) for 6 h, were rinsed twice with HBSS, and incubated with 5 M dihydroethidium for 15 min at 37°C in 5% CO 2. At the end of the incubation, cells were rinsed with HBSS and examined alive by fluorescence microscopy, and images were captured in digital format using a Zeiss microscope (Carl Zeiss). For quantitative assessments, the images were analyzed with Image J software (National Institutes of Health). Values were obtained from mean fluorescent intensity between CYP1B1 ϩ/ϩ , CYP1B1 ϩ/ϩ with L-NAME or D-NAME, and CYP1B1 Ϫ/Ϫ ECs from multiple cells captured within each section.
NO determinations. The NO levels in the CYP1B1
, and CYP1B1 ϩ/ϩ siRNA retinal ECs were measured by using DAF-FM diacetate (Invitrogen). DAF-FM diacetate is cell permeable and essentially nonfluorescent until it reacts with NO and other NO derivatives such as N 2O3 produced by autooxidation of NO to yield highly fluorescent benzotriazole. Briefly, 10 4 cells in 0.1 ml were plated in 96-well black/clear bottom plates (BD Falcon, Franklin Lakes, NJ) coated with 1% gelatin. The next day, cells were washed twice with serum-free EC growth medium and then incubated in serum-free EC growth medium containing 10 M DAF-FM diacetate and 1.25 ng/ml of CellTracker red CMTPX (Invitrogen) for 45 min at 37°C. After incubation, the medium was gently removed, and 0.1 ml of fresh serum-free EC growth medium was added, and cells were incubated for an additional 20 min to allow complete de-esterification of the intracellular diacetates. Cells were then washed three times with TBS, 0.1 ml of TBS was added to each well, and DAF-FM fluorescence was measured using a fluorescent microplate reader (Victa2 1420 Multilabel Counter, Perkin Elmer) at an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Cell density was followed by CellTracker red CMTPX at an excitation wavelength of 545 nm and an emission wavelength of 610 nm. Images were captured using a Nikon RM-5 camera attached to an inverted fluorescent microscope (Axiovert 135, Zeiss). Measurements were repeated three times with three replicates each time and normalized for cell number. Adenovirus infections were performed in the 96-well plates as described above for 2 days before NO analysis. NO measurements were similarly performed in retinal ECs incubated with tetramethoxystilbene (TMS; 5 M), NAC (1 mM), or diethylenetriamine-NO (DETA/NO; 500 M) for 2 h before DAF-FM diacetate loading.
Statistical analysis. Statistical differences between control and treated samples were evaluated with Student's unpaired t-test (2-tailed) or two-way ANOVA with Bonferroni correction for multiple comparisons when appropriate. Means Ϯ SD are shown. P values Յ0.05 were considered significant.
RESULTS

Decreased expression of eNOS in CYP1B1
Ϫ/Ϫ retinal vasculature and EC. Figure 1A shows eNOS levels in lysates of retinal ECs prepared from CYP1B1 ϩ/ϩ and CYP1B1 Ϫ/Ϫ mice. We observed near complete loss of eNOS protein in each of several CYP1B1 Ϫ/Ϫ retinal EC strains. Immunofluorescence staining of frozen eye sections also showed much lower expression of eNOS in retinal vasculature of CYP1B1 Ϫ/Ϫ mice compared with CYP1B1 ϩ/ϩ mice (Fig. 1, B and C) . This was further confirmed by a substantial decrease in the level of eNOS observed in retinal lysates prepared from CYP1B1 Ϫ/Ϫ mice compared with CYP1B1 ϩ/ϩ mice (Fig. 1D ). CYP1B1
ϩ/ϩ and CYP1B1 Ϫ/Ϫ retinal ECs expressed similar levels of iNOS (Fig. 1A) , whereas nNOS expression was undetectable (not shown).
Subcellular localization of eNOS in the endothelium plays an important role in its activation and NO production (19, 22, 25) . We next examined eNOS subcellular localization in CYP1B1 ϩ/ϩ retinal EC. The eNOS was mainly localized in perinulear/Golgi region in subconfluent cultures (Fig. 1E) . However, eNOS localized in plasma membranes, at sites of cell-cell contact in confluent cultures (Fig. 1F) . The eNOS staining was undetectable in cultures of CYP1B1 Ϫ/Ϫ retinal ECs (not shown).
To test the generality of the CYP1B1 and eNOS relationship, we examined expression of eNOS in ECs prepared from heart, lung, and aorta of CYP1B1 ϩ/ϩ and CYP1B1 Ϫ/Ϫ mice. The CYP1B1 was expressed in these ECs, with highest level detected in ECs from aorta. The constitutive CYP1B1 levels were comparable in heart, lung, and retina ( Fig. 1G ) (54) . As expected, the CYP1B1 Ϫ/Ϫ ECs lacked CYP1B1 expression. All of the CYP1B1 ϩ/ϩ ECs expressed eNOS, with highest level in lung EC (Fig. 1, A and G) . The eNOS level was greatly decreased in CYP1B1 Ϫ/Ϫ ECs prepared from heart, lung, and aorta compared with CYP1B1 ϩ/ϩ ECs (Fig. 1, A and G) . Thus the decreased eNOS expression in CYP1B1 Ϫ/Ϫ ECs is not specific to retinal vasculature.
The eNOS activity is essential for CM of CYP1B1 ϩ/ϩ retinal EC. ECs rapidly organize and form a capillary-like network when plated on Matrigel. Plating of EC on this predominantly laminin extracellular matrix recapitulates the later stages of angiogenesis with minimal amounts of cell proliferation. This process, however, is influenced by the adhesion and migration characteristics of ECs. CYP1B1 ϩ/ϩ retinal ECs rapidly organized and formed a capillary-like network ( Fig. 2A) . The attenuation of CM in CYP1B1 Ϫ/Ϫ retinal ECs is shown in Fig.  2B . CYP1B1
Ϫ/Ϫ ECs from other tissues exhibited a similar defect in CM (not shown). Attenuation of CM has also been previously reported in eNOS-deficient ECs (31) . Thus the defects in CYP1B1 Ϫ/Ϫ ECs may be related to diminished eNOS acidity and/or NO synthesis and/or bioavailability.
We next incubated CYP1B1
ϩ/ϩ retinal ECs with 3 mM L-NAME, an eNOS inhibitor, to determine whether inhibition of NO synthesis and/or bioavailability is sufficient to attenuate CM. The inactive form of the inhibitor, D-NAME, was used as control. The inhibition of eNOS activity in CYP1B1 ϩ/ϩ retinal ECs by L-NAME resulted in attenuation of CM, similar to that observed in CYP1B1 Ϫ/Ϫ retinal ECs, which express little or no eNOS (Fig. 2C) . However, incubation of CYP1B1 ϩ/ϩ cells with the inactive analog of eNOS inhibitor (D-NAME) minimally affected CM (Fig. 2D) . The quantitative assessment of the data is shown in Fig. 2E (P Ͻ 0.05; n ϭ 5). Thus eNOS activity and NO synthesis and/or bioavailability are essential for CM of retinal ECs, as previously demonstrated for other ECs (41) .
NO functions as an anti-oxidant in CYP1B1 ϩ/ϩ retinal EC. Our group has previously shown that CYP1B1
Ϫ/Ϫ ECs cultured under ambient oxygen (20%; hyperoxic) exhibit a substantial increase in ROS and that removal of this stress is sufficient to restore CM (54) . Our group also observed a significant increase in lipidperoxide product, 4-hydroxy-2-nonenal (4-HNE), in eye sections from CYP1B1 Ϫ/Ϫ mice and retinal ECs (54). 4-HNE promotes endothelial oxidative stress (55), endothelial barrier dysfunction (56) , and apoptosis (32, 63) . Furthermore, lipid peroxidation products increase ROS ϩ/ϩ and CYP1B1 Ϫ/Ϫ retinal endothelial cells (ECs) were analyzed for eNOS and iNOS expression by Western blotting. Antibody to ␤-catenin was used as loading control. Please note a significant decrease in eNOS levels in retinal ECs from CYP1B1
Ϫ/Ϫ mice. Frozen eye sections prepared from p17 CYP1B1 ϩ/ϩ (B) and CYP1B1 Ϫ/Ϫ mice (C) during oxygen-induced ischemic retinopathy (OIR) were also stained with antibodies to eNOS. Eye sections were stained, and images were obtained under identical conditions. Please note the marked decrease in fluorescence staining of eNOS in CYP1B1 Ϫ/Ϫ retinal vasculature compared with CYP1B1 ϩ/ϩ retinal vasculature. D: Western blot analysis of whole retinal extracts prepared from p21 CYP1B1 ϩ/ϩ and CYP1B1 Ϫ/Ϫ mice. Antibody to ␤-actin was used as loading control. Please note a significant decrease in eNOS level in retina extracts from CYP1B1 Ϫ/Ϫ mice compared with CYP1B1 ϩ/ϩ mice. These experiments were repeated twice with eyes from 4 different mice with similar results. E and F: eNOS localization in CYP1B1 ϩ/ϩ retinal ECs at subconfluent (E) and confluent (F) states. Cells were grown on glass coverslips and stained for eNOS as described in MATERIALS AND METHODS. Please note cellular localization of eNOS (arrows), which changes with degree of confluence. Comparisons of CYP1B1 and eNOS expression in CYP1B1 ϩ/ϩ and CYP1B1 Ϫ/Ϫ ECs from aorta, heart, and lung were made by Western blot analysis of cell lysates (G). Antibody to ␤-actin was used as loading control. Please note a significant decrease in eNOS level in cell extracts from CYP1B1 Ϫ/Ϫ ECs compared with CYP1B1 ϩ/ϩ ECs.
and promote eNOS uncoupling and NO production, further increasing superoxide anion radical in ECs (60). Thus 4-HNE likely increases ROS and oxidative stress in ECs by disrupting eNOS regulatory mechanisms and EC function. Alternatively, NO can react rapidly with superoxide anions to form peroxynitrate, thus interfering in the generation of hydrogen peroxide and hydroxyl radicals that initiate lipid peroxidation (16, 43) . One possibility is that the very low level of eNOS in CYP1B1 Ϫ/Ϫ retinal ECs is a major contributor to the chronic oxidative stress and attenuation of CM.
We next tested the effect eNOS inhibitor L-NAME on the oxidative stress in CYP1B1 ϩ/ϩ retinal ECs. We observed an increase in ROS similar to that observed normally in CYP1B1 Ϫ/Ϫ ECs (Fig. 2F) (54) . Our group has previously shown that the antioxidant NAC or low oxygen (2%) each lower ROS and restore CM of NO-deficient CYP1B1 Ϫ/Ϫ retinal ECs (54). These results strongly support the notion that inhibition of ROS provides a major way in which eNOS participates in CM. Thus the attenuation of CM of CYP1B1 Ϫ/Ϫ retinal ECs in Matrigel may be, in large part, due to decreased eNOS expression and NO synthesis and/or bioavailability (11) . Incubation of CYP1B1
Ϫ/Ϫ retinal EC with L-NAME or D-NAME had no effect on their CM in Matrigel or levels of ROS ( Fig. 2F and not shown) .
Improvement of CM in CYP1B1
Ϫ/Ϫ retinal ECs in the presence of a NO donor. To further confirm that the attenuation of CM observed in CYP1B1 Ϫ/Ϫ retinal ECs is due to lower eNOS expression and NO synthesis and/or bioavailability, we assessed the ability of the CYP1B1 Ϫ/Ϫ ECs to undergo CM in the presence of the NO donor, DETA/NO. DETA/NO belongs to the class of direct NO donors. It is stable in 0.01 M NaOH and can be stored at 0°C for 24 h. In culture medium (pH 7.4), DETA/NO spontaneously releases NO with a half life of 20 h at 37°C in a strictly first-order reaction (30, 38) . DETA/NO has been used by other investigators as an effective source of exogenous NO at concentrations ranging from 1 to 500 M with minimal cytotoxicity (28, 38, 49, 61) . Figure 3B shows that the ability of CYP1B1 Ϫ/Ϫ retinal ECs to undergo CM in Matrigel was increased nearly twofold in the presence of 20 M DETA/NO. The quantitative assessment of the CM is shown in Fig. 3C (P Ͻ 0.05; n ϭ 5). CM was not significantly enhanced in the presence of higher concentrations of DETA/NO (up to 300 M; not shown). The incubation of CYP1B1 Ϫ/Ϫ retinal ECs with ϩ/ϩ retinal ECs formed a well-organized capillarylike network (A), whereas the ability of these cells to undergo capillary morphogenesis was attenuated upon incubation with L-NAME (C). These results are similar to what we observed in CYP1B1 Ϫ/Ϫ retinal ECs, which express little or no eNOS (B). The inactive analog of eNOS inhibitor, nitro-D-arginine methyl ester (D-NAME; 3 mM), had no effect on CYP1B1 ϩ/ϩ retinal EC capillary morphogenesis (D). E: quantitative assessment of the data. Data in each bar are mean number of branches per 5 high-power fields (ϫ100). Error bars indicate SD (*P Ͻ 0.05; n ϭ 5). Reactive oxygen species (ROS) levels were determined in CYP1B1 ϩ/ϩ retinal ECs incubated with or without L-NAME or D-NAME as described in MATERIALS AND METHODS (F). Please note a significant increase in oxidative stress of CYP1B1 ϩ/ϩ cells incubated with L-NAME compared with D-NAME, which was comparable with levels in CYP1B1 Ϫ/Ϫ retinal ECs (*P Ͻ 0.05; n ϭ 15).
DETA/NO was concomitant with increased NO levels and/or bioavailability (Fig. 3D) .
Elevation of NO in CYP1B1 Ϫ/Ϫ retinal ECs lowers ROS and restores CM. We compared the effect of DETA/NO on ROS levels in CYP1B1
Ϫ/Ϫ ECs at 2, 6, and 24 h to the effects of NAC. We found that DETA/NO was equally effective at 2 h but became less effective at later times (not shown) (54) . We also compared the levels of NO in CYP1B1 Ϫ/Ϫ ECs, with and without DETA/NO, to the levels seen in CYP1B1 ϩ/ϩ retinal ECs (Fig. 3D) . Similar experiments were carried out with null retinal ECs expressing eNOS or CYP1B1 (Fig. 3D) . Levels of NO were higher with the highest levels of eNOS in CYP1B1 Ϫ/Ϫ ECs, and, unlike DETA/NO, they were sustained over many hours and lowered ROS in a more sustained manner (not shown). Thus the restoration of NO and lowering of oxidative stress correlated well with the restoration of CM.
Because superoxide may lower NO bioavailability, we tested whether NAC raised NO levels in CYP1B1 Ϫ/Ϫ ECs in parallel with the effect on CM. We did not observe a significant increase in NO levels in CYP1B1 Ϫ/Ϫ ECs incubated with NAC (not shown), although oxidative stress and TSP2 expression were reduced (54). Our results indicated that increased oxidative state is the critical negative regulator of CM in both CYP1B1 ϩ/ϩ ECs (parallel suppression by L-NAME /elevated O2/reversed by NAC) and CYP1B1 Ϫ/Ϫ ECs (parallel restoration by DETA/NO/eNOS/NAC). However, the impact of NAC on CYP1B1
Ϫ/Ϫ ECs appeared to be independent of significant changes in NO levels. This is not unexpected, since null cells express very little or no eNOS. In our previous study, we found NAC to be more effective than ascorbic acid, or vitamin E, as well as resveratrol, a phenolic antioxidant, to lower oxidative stress and TSP2 expression in CYP1B1 Ϫ/Ϫ ECs (54). Ascorbic acid and vitamin E do not scavenge superoxide anions; rather, they scavenge OH radicals and lower 4-HNE levels (12) . Thus our results suggest that superoxide anion is a key target for inhibition of CM and angiogenesis through upregulation of TSP2 expression and/or removal of eNOS and NO synthesis and/or bioavailability.
Reexpression of eNOS improved CM of CYP1B1
Ϫ/Ϫ retinal ECs. To overcome the relatively transient release of NO by DETA/NO, we infected CYP1B1 Ϫ/Ϫ retinal ECs with an adenovirus that expresses a sustained level of constitutively active eNOS (Ad-eNOS S1179D) (64) . We successfully expressed eNOS protein in the target cells in direct proportion to virus input level (Fig. 4A) . eNOS expression in CYP1B1 Ϫ/Ϫ retinal ECs substantially elevated eNOS protein and was 2.5 times more effective than DETA/NO in improving CM. The stimulated level of CM provided by reexpression of eNOS was comparable to the level seen in CYP1B1 ϩ/ϩ retinal ECs (compare Fig. 3, A and B, with Fig. 4, C and D) . The quantitative assessment of the data is shown in Fig. 4B (P Ͻ 0.05; n ϭ 5). The increased synthesis and/or bioavailability of NO in CYP1B1
Ϫ/Ϫ cells expressing eNOS is shown in Fig. 3D . A key component activity in CM is the capacity of the cells to migrate. This was measured in the scratch wound assays in which cells migrate into a gap generated by the scratch in a confluent cell monolayer. Our group previously showed that CYP1B1 Ϫ/Ϫ retinal ECs are less migratory in this assay than CYP1B1 ϩ/ϩ retinal ECs (54) . We next determined the effects of eNOS expression on migration of CYP1B1 Ϫ/Ϫ retinal ECs. Figure 5 shows that eNOS expression, which significantly restored CM, restored the migration defect observed in CYP1B1 Ϫ/Ϫ cells compared with control cells. The quantitative assessment of the data is shown in Fig. 5G (P Ͻ 0.05; n ϭ 5).
The elevated TSP2 level in CYP1B1 Ϫ/Ϫ retinal ECs is not affected by increased NO levels. We previously showed that the extracellular matrix protein TSP2, which is essentially absent in CYP1B1 ϩ/ϩ ECs, becomes highly elevated in CYP1B1
retinal ECs and is a major contributor to suppression of CM. Here, we show that acute expression of eNOS, which restored CM, did not significantly reverse the elevated TSP2 levels in CYP1B1 Ϫ/Ϫ retinal ECs (Fig. 4A ). Thus our results suggest that elevated NO level, either directly or indirectly, can bypass the actions of TSP2 that suppress CM. It has been previously reported that the TSP2 closely related family member TSP1 blocks eNOS/NO effect on ECs mediated by cGMP (27) . This suggests that restoration of NO level can overcome an equivalent block produced by TSP2. In addition, NAC, which lowered ROS in CYP1B1 Ϫ/Ϫ ECs, also restored CM by lowering TSP2 with minimal effect on NO level (not shown) (54) .
Thus restoration of CM of CYP1B1
Ϫ/Ϫ retinal ECs by increased NO synthesis and/or bioavailability may occur downstream of TSP2 and is independent of changes in TSP2 expression.
Acute reexpression of CYP1B1 lowered TSP2, increased NO level, and restored CM of CYP1B1
Ϫ/Ϫ retinal ECs independent of changes in eNOS expression. To demonstrate that CYP1B1 expression can restore CM in CYP1B1 Ϫ/Ϫ retinal ECs, we expressed CYP1B1 in null retinal ECs using an adenovirus expressing murine CYP1B1 as previously described (54) . Expression of CYP1B1 improved CM of CYP1B1 Ϫ/Ϫ retinal ECs (Fig. 6, A-C) (54) . The quantitative evaluation of the data is shown in Fig. 6D (P Ͻ 0.05; n ϭ 5). Because TSP2 mediates CM suppression (34), we examined whether reexpression of CYP1B1 affects TSP2 expression in CYP1B1 Ϫ/Ϫ retinal ECs. Figure 6E shows that reexpression of CYP1B1 was associated with a twofold decrease in TSP2 level, consistent with reduced oxidative stress and enhanced CM (Fig. 6B) (54) . The acute expression of CYP1B1 in null cells, however, did not affect eNOS expression (Fig. 6E) . Thus CYP1B1 promoted CM in the presence of low levels of eNOS. This may be attributed to decreased oxidative stress (54) and improved bioavailability of NO in CYP1B1-expressing null cells. We observed a significant increase in NO levels of CYP1B1 Ϫ/Ϫ retinal ECs expressing CYP1B1 compared with Ad-GFP control (Fig. 3D) . Thus the dramatic decrease in eNOS expression in null cells may be the result of chronic exposure to oxidative stress and decreased NO synthesis and/or bioavailability.
Selective effects of eNOS and CYP1B1 in restoring migration of CYP1B1
Ϫ/Ϫ ECs. The rate of cell migration over 48 h was measured by a scratch wound assay. We previously showed that CYP1B1 Ϫ/Ϫ retinal ECs migrate at a slower rate than CYP1B1 ϩ/ϩ retinal ECs (Fig. 5 ) (54). We compared whether restoration of CYP1B1 expression would make comparable contributions to the migration of CYP1B1 Ϫ/Ϫ ECs, as eNOS expression does (Fig. 5) . In contrast to the stimulatory effect of eNOS, restoration of CYP1B1 was not as effective in improving the cell migration in CYP1B1 Ϫ/Ϫ ECs (Fig. 6F) . This may be contributed, at least in part, to the very low eNOS expression and lower NO level in CYP1B1 Ϫ/Ϫ EC cells (Figs.  1 and 3) . However, CYP1B1 expression did lower TSP2 expression in null cells by approximately twofold (Fig. 6E) . Thus retinal EC migration may be more dependent on sufficient eNOS activity and NO synthesis and/or bioavailability than on CM, which was restored by expression of CYP1B1 in null cells. However, the significant reduction in TSP2 level by CYP1B1 expression in the null cells is likely to contribute to restoration of CM by removing the inhibitory effects of TSP2 on eNOS/NO activity. This is consistent with a higher level of NO detected in null cells expressing CYP1B1 (Fig. 3D) , which may be sufficient to drive CM with minimal effect on restoration of migration. Thus a threshold level may exist for NOmediated EC migration.
Acute TMS inhibition of CYP1B1 activity lowered NO level and blocked CM of CYP1B1 ϩ/ϩ retinal ECs, independent of changes in TSP2 and eNOS expression. To provide a link between CYP1B1 activity and retinal EC CM, we incubated CYP1B1 ϩ/ϩ retinal ECs with 5 M TMS (a specific inhibitor of CYP1B1 activity) (9) . This concentration is sufficient to sustain inhibition of CYP1B1 activity for at least 24 h and increase oxidative stress (54) . Figure 7 , A and B, shows that incubation of CYP1B1 ϩ/ϩ retinal ECs with TMS resulted in attenuation of CM in Matrigel. The quantitative assessment of the data is shown in Fig. 7C (P Ͻ 0.05; n ϭ 5). This inhibitory effect can be reversed with NAC, similar to CYP1B1 Ϫ/Ϫ ECs (not shown) (54); therefore, it is unlikely to be a nonspecific effect of TMS.
We next determined whether acute inhibition of CYP1B1 activity affected expression of TSP2 or eNOS in CYP1B1 ϩ/ϩ retinal ECs. Figure 7D shows that acute inhibition of CYP1B1 activity minimally affected the expression of TSP2 and eNOS in CYP1B1 ϩ/ϩ retinal ECs. However, increased oxidative stress in CYP1B1 ϩ/ϩ cells incubated with TMS (54) may promote eNOS uncoupling and NO synthesis and/or bioavailability without affecting eNOS or TSP2 expression. We observed a significant decrease in NO levels in CYP1B1 ϩ/ϩ cells incubated with TMS (Fig. 3D) . Thus, although the prolonged effects of CYP1B1 depletion in the CYP1B1 Ϫ/Ϫ ECs were not matched by the effects of short-term TMS inhibition on eNOS and TSP2 expression, the reduced level of NO was sufficient to inhibit CM. Therefore, suppression of eNOS and elevation of TSP2 levels each may require a long-term loss of CYP1B1 expression and a chronic oxidative stress state.
The siRNA knockdown of CYP1B1 lowered eNOS expression and NO level in CYP1B1 ϩ/ϩ ECs. To determine whether a more prolonged suppression of CYP1B1 expression in CYP1B1 ϩ/ϩ cells lowers eNOS expression, we used CYP1B1-specific siRNAs. Stable lines were established from viruses that liberated four different siRNA sequences that targeted CYP1B1 after puromycin selection and expansion. This, therefore, may resemble the chronic effects derived from lack of CYP1B1 in null cells. Figure 8A shows that siRNA 1625 and 2015 significantly reduced CYP1B1 levels, by at least twofold, compared with a control virus that releases scrambled siRNA; siRNA 1768 was also largely ineffective. The suppression was consistently more pronounced after TCDD induction of CYP1B1 expression through Ah receptor (60 -70% for all lines). We also observed consistent decreases in eNOS levels by CYP1B1-specific siRNAs and that there was a close correlation between CYP1B1 and eNOS expression (r ϭ 0.982; P Յ 0.001). Further- more, knockdown of CYP1B1 in wild-type cells resulted in decreased NO level (Fig. 3D ) and attenuation of cell migration (Fig. 8, C and D) , as was seen in CYP1B1 Ϫ/Ϫ cells (54) .
DISCUSSION
CYPs catalyze NADPH-supported monooxygenation of diverse xenobiotics as well as many endogenous molecules, including polyunsaturated fatty acids, eicosanoids, and steroids (4 -6, 8) . Our group recently showed that CYP1B1, whose deficiency causes congenital glaucoma, is constitutively expressed in retinal ECs and plays an important role in postnatal retinal vascular development and neovascularization during OIR. Retinas from CYP1B1 Ϫ/Ϫ mice exhibited reduced vascular density and failed to undergo neovascularization during OIR (54) . CYP1B1 deficiency also resulted in increased oxidative stress and attenuation of retinal EC adhesion, migration, and CM in Matrigel. Here, we demonstrate that CYP1B1 and eNOS are coexpressed in retinal, heart, lung, and aortic ECs and that the eNOS expression is substantially reduced in each of these CYP1B1 Ϫ/Ϫ ECs compared with CYP1B1 ϩ/ϩ ECs (Fig. 1) . We also observed decreased eNOS staining in retinal blood vessels of CYP1B1 Ϫ/Ϫ mice compared with CYP1B1 ϩ/ϩ mice, especially during OIR (Fig. 1. B and C) . These observations are consistent with our hypothesis that decreased eNOS expression and NO synthesis and/or bioavailability in the absence of CYP1B1 contributes to the attenuation of angiogenesis both in vivo and in vitro.
The eNOS shares many enzymatic characteristics of CYPs. Recent studies also indicated that CYP2C agonists, cerivastatin and fluvastatin, induce eNOS expression in ECs (17, 26) . In addition, both CYP1B1 and eNOS show increased activity in response to shear stress (10, 15, 40) , suggesting the presence of retinal ECs were infected with retroviruses encoding specific or control CYP1B1 siRNA and stable lines were established as described in MATERIALS AND METHODS. A quantitative comparisons of Western blot of lysates prepared from CYP1B1 ϩ/ϩ cells expressing a specific CYP1B1 or control siRNA probed for CYP1B1 (A) or eNOS (B) are shown. Antibody to ␤-actin was used to control for loading. Please note significant knockdown of CYP1B1 relative to ␤-actin in cells expressing CYP1B1 siRNAs 1625 and 2015 (Table 1 and A) in the presence or absence of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; 10 Ϫ7 M for 24 h) compared with control. A similar trend was observed when levels of eNOS were compared (B). Please note decreased levels of eNOS in cells expressing lower level of CYP1B1 (*P and **P Ͻ 0.05; n ϭ 3). C: effect of CYP1B1 knockdown on migration of CYP1B1 ϩ/ϩ cells. D: quantitative assessment of data. Please note a significant decrease in migration of cells expressing siRNAs 1625 or 2015 compared with control (*P and **P Ͻ 0.05; n ϭ 3). common regulatory mechanisms. We observed downregulation of eNOS expression in retinas from CYP1B1 Ϫ/Ϫ mice, as well as in CYP1B1 Ϫ/Ϫ retinal, lung, heart, and aortic ECs. We hypothesized that eNOS expression is coregulated with that of CYP1B1. This hypothesis was further supported by the fact that eNOS expression was increased coordinately on incubation of retinal ECs with TCDD (an inducer of CYP1B1 expression). Furthermore, the knockdown of CYP1B1 level was concomitant with downregulation of eNOS levels in CYP1B1 ϩ/ϩ retinal ECs and reduced NO synthesis and/or bioavailability (Figs. 3D and 8, A and B) . Thus a direct relationship between CYP1B1 and eNOS expression may exist in retinal endothelium with significant impact on angiogenesis.
Most ECs, including CYP1B1 ϩ/ϩ retinal ECs, rapidly undergo CM, forming a capillary-like network when plated in Matrigel. This recapitulates the later stages of angiogenesis when ECs organize into capillaries with minimal cell proliferation. L-NAME, an eNOS substrate L-arginine analog, inhibits eNOS activity and NO synthesis and/or bioavailability (50) .
Incubation of CYP1B1
ϩ/ϩ retinal ECs with L-NAME resulted in increased oxidative stress and attenuation of CM, very similar to that observed in CYP1B1 Ϫ/Ϫ retinal ECs, which express little or no eNOS ( Figs. 1 and 2) . The inactive analog of L-NAME, D-NAME, had a minimal effect on CM and oxidative stress in CYP1B1 ϩ/ϩ retinal ECs. Thus eNOS expression and NO synthesis and/or bioavailability are essential for CM and relief of oxidative stress in retinal ECs under ambient oxygen conditions (31, 41) .
Low eNOS in the CYP1B1 Ϫ/Ϫ retinal ECs may lead to insufficient NO production in these cells. NO modulates blood flow and many aspects of angiogenesis, including cell migration and CM (2) . The supplementation of an NO donor, DETA/NO, significantly improved CM of the CYP1B1 Ϫ/Ϫ retinal ECs (Fig. 3) , further supporting the important role of NO in angiogenesis. To further elucidate the role of eNOS in retinal EC angiogenic properties, we also used an adenovirus, which expresses a constitutively active form of eNOS. Reexpression of eNOS was sufficient to enhance NO synthesis and/or bioavailability, relieve oxidative stress, and promote CM and migration of CYP1B1 Ϫ/Ϫ retinal ECs (Figs. 3-5 ). We have shown that CYP1B1 Ϫ/Ϫ retinal ECs have increased oxidative stress and fail to undergo CM under ambient oxygen (20%; hyperoxic) conditions (54) . Incubation under low oxygen concentration (2%; hypoxic) or in the presence of an antioxidant (NAC) restored CM of CYP1B1 Ϫ/Ϫ retinal ECs. Increased oxidative stress resulted in increased production of TSP2, a potent inhibitor of angiogenesis, and attenuation of CM. We observed a significant increase in TSP2 production in CYP1B1 Ϫ/Ϫ retinal ECs, which was decreased in the presence of NAC (54) . A similar result was also observed in vivo (54) . Thus a direct relationship between oxidative stress and TSP2 expression may exist in the retinal endothelium, as shown for aortic ECs (34) .
We showed that downregulation of TSP2 using a specific siRNA improved CM of CYP1B1 Ϫ/Ϫ retinal ECs with minimal effect on their migration (54) . In addition, expression of CYP1B1 improved CM of CYP1B1 Ϫ/Ϫ retinal ECs. This was concomitant with decreased TSP2 expression with minimal effect on migration. Furthermore, expression of CYP1B1 decreased oxidative stress in CYP1B1 Ϫ/Ϫ retinal ECs and increased NO levels independent of changes in eNOS expression (Figs. 3D and 6, E and F) (54) . However, reexpression of eNOS reduced oxidative stress and restored CM and migration of CYP1B1 Ϫ/Ϫ retinal ECs with minimal effects on TSP2 expression (Fig. 4) . These results are consistent with the role of NO in EC migration and the possibility that TSP2 functions as an inhibitor of NO activity rather than synthesis in attenuating angiogenesis, as shown for TSP1, a closely related family member with antiangiogenic activity (27) . Thus CYP1B1 expression under hyperoxic conditions promotes a proangiogenic phenotype by reducing oxidative stress and TSP2 and maintaining eNOS expression and NO synthesis and/or bioavailability (Fig. 9) . However, under hypoxic conditions, the contribution of CYP1B1 to modulation of oxidative stress and NO synthesis and/or bioavailability is minimal.
Acute inhibition of CYP1B1 activity in CYP1B1 ϩ/ϩ retinal ECs reproduced the oxidant stress-mediated loss of CM (blocked by NAC) and decreased NO synthesis and/or bioavailability, although without changes in eNOS or TSP2 ex- Fig. 9 . CYP1B1 and modulation of angiogenesis. In the absence of CYP1B1, especially under ambient/hyperoxic (Ͼ10%) oxygen conditions, there is an increase in oxidative stress. The identity of the CYP1B1 metabolites/substrates, whose accumulation in the absence of CYP1B1 is responsible for increased oxidative stress, remains elusive. However, there is a significant decline in eNOS expression, resulting in decreased EC migration, and inhibition of capillary morphogenesis in vitro and angiogenesis in vivo. The increase in TSP2 expression in the absence of CYP1B1 is mediated, at least in part, through increased oxidative stress. Increased oxidative stress may activate NF-B transcription factor, which drives TSP2 expression. CYP1B1 Ϫ/Ϫ retinal ECs exhibit enhanced NF-B activity in transient transfection with NF-B reporter plasmids compared with wild-type cells (our unpublished date). Whether increased activity of NF-B drives expression of TSP2 is currently under investigation. Our data indicated that downregulation of TSP2 in CYP1B1 Ϫ/Ϫ retinal ECs was sufficient to improve capillary morphogenesis of CYP1B1 Ϫ/Ϫ retinal ECs independent of changes in eNOS expression. Although TSP1, a TSP2 closely related family member with antiangiogenic activity, is shown to inhibit NO-mediated angiogenesis, the role of TSP2 in this process needs further investigation. The lack of CYP1B1 minimally affects angiogenesis under low-oxygen (Ͻ10%; hypoxic) conditions. pression (Figs. 3D and 7D ). These results suggest that chronic exposure to oxidative stress is essential for changes in TSP2 and eNOS expression. We have, in fact, observed a reciprocal relationship between TSP2 and eNOS expression in our CYP1B1 Ϫ/Ϫ retinal EC isolations, which vary in their extent with different times in culture (not shown). Thus, in the adapted state, the substantial oxidant-sensitive elevation of TSP2 and depressed eNOS expression may be necessary to restrain CM in vitro and angiogenesis in vivo.
This notion was further supported by the suppression of eNOS expression and NO levels following chronic siRNA knockdown of CYP1B1 in wild-type cells. This involved a process of passaging and selection in vitro, which reproduces the adaptation that occurs after the initial isolation and culture of CYP1B1 Ϫ/Ϫ ECs. Although we did not observe a significant difference in the level of active eNOS (phopho-eNOS) in CYP1B1 ϩ/ϩ cells incubated with TMS or solvent control (not shown), we cannot rule out the possibility of the adverse effects of increased ROS on NO synthesis and/or bioavailability ( Fig. 3D) (11, 50) , as was seen in CYP1B1
ϩ/ϩ cells incubated with L-NAME (Fig. 2) . This could affect angiogenesis independent of changes in eNOS and TSP2 levels (Fig. 9) . Thus coordinated constitutive expression and/or activities of CYP1B1 and eNOS play important roles in regulation of EC function through modulation of the intracellular oxidative state and are subject of future investigation.
The dramatic loss of eNOS in CYP1B1 Ϫ/Ϫ retinal ECs removes three distinct contributions to EC regulation: 1) direct signaling mediated by NO (1, 29, 41) , 2) combination with superoxide to form peroxynitrite, which produces distinct signaling events (14, 35, 42, 45, 46) , and 3) intervention in oxidative stress processes mediated by hydrogen peroxide and hydroxyl radicals (35, 45, 46, 57) . Thus modulation of eNOS expression and NO synthesis and/or bioavailability is an important target of CYP1B1-mediated EC function. Understanding the mechanisms involved will provide new insights into the regulatory mechanisms that keep angiogenesis in check.
In summary, we demonstrate that expression of eNOS is dramatically downregulated in the retinal ECs and retinal vasculature of CYP1B1 Ϫ/Ϫ mice. Inhibition of eNOS activity and NO bioavailability in CYP1B1 ϩ/ϩ retinal ECs attenuated their migration and CM and increased oxidative stress. In addition, reexpression of eNOS or incubation with a NO donor improved migration and CM of CYP1B1 Ϫ/Ϫ retinal ECs and reduced oxidative stress, concomitant with enhanced NO levels. Furthermore, eNOS levels directly correlated with CYP1B1 levels in CYP1B1 ϩ/ϩ retinal ECs. Thus coordinated CYP1B1 and eNOS constitutive expression and activity may affect retinal EC migration and angiogenesis, through modulation of intracellular oxidative stress, NO synthesis and/or bioavailability, and TSP2 expression. 
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